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dearth of knowledge exists on posttranscriptional processes, particularly those involved in mediating mRNA stabilization and/or decay. Changes in mRNA stability have the potential to dramatically alter the concentrations of steady-state mRNAs, subsequently transforming gene expression (30) . Several pathways that determine mRNA stability have been elucidated in eukaryotic cells (7, 34) . The most commonly studied posttranscriptional pathway is orchestrated by a variety of RNA binding proteins (RBPs) that interact with AU-rich elements (ARE) within the 3=-untranslated region (3=-UTR) of mRNAs (9) . The destabilization of ARE-bearing mRNAs is achieved through the activity of several ARE-binding proteins, including AUrich binding factor 1 (AUF1) (16, 21, 44) and KH-homology splicing regulatory protein (KSRP) (4, 66) . Alternatively, the ubiquitously expressed human antigen R (HuR) functions to improve the stability of ARE-containing mRNAs (22) . In addition to AREs, GU-rich elements (GREs) have also been implicated in mRNA instability (70) . These sequences facilitate the binding of destabilizing CUG binding protein 1 (CUGBP1), and they are of particular interest in the study of muscle-specific gene regulation (43, 58) .
While changes in mRNA stability have been found to remarkably alter gene expression and cellular function (20, 56) , the influence of mRNA stability on the expression of genes encoding mitochondrial proteins remains relatively unexplored. Several studies have investigated the stability of nuclear- (11, 35) and mitochondrial- (6, 13, 26, 69) encoded transcripts; however, little is known of the contribution of this posttranscriptional process to the maintenance of mitochondrial content in tissues possessing a wide range of oxidative capacities. Since the same mitochondrialrelated transcripts have been found to exhibit altered degradation rates in different tissues (13) , it is likely that the abundance of tissue-specific factors is important in modifying transcript stability. Indeed, RNA-binding proteins show a nonuniform distribution across different tissues (48) , and these RBPs may be activated by signaling molecules that are themselves modulated differentially based on mitochondrial content (45) .
Thus the purpose of the present study was to characterize and compare the stability of specific mRNAs encoding mitochondrial regulators in striated muscle with a broad range of oxidative capacities. A cell-free mRNA decay system (41, 59) was employed to assess the stability of mitochondrial transcription factor A (Tfam), peroxisome proliferator-activated receptor gamma coactivator 1␣ (PGC-1␣), and nuclear respiratory factor 2␣ (NRF-2␣) because of their critical functions in the process of organelle biogenesis. Tfam contributes to the synthesis of mitochondrially encoded proteins via its participation in the transcription, replication, and maintenance of mitochondrial DNA (mtDNA) (1, 19) . DNA-binding NRF-2␣ works in conjunction with the coactivator PGC-1␣ to upregulate the expression of several mitochondrial-related genes, including Tfam (62) . Based on previous findings (41), we hypothesized that the stability of Tfam, PGC-1␣, and NRF-2␣ would be inversely related to striated muscle oxidative capacity and would be mediated by the presence of tissue-specific RBPs that function to alter transcript stability.
METHODS

Animals.
All animal care and experimental procedures were approved by the York Animal Care Committee and were in accordance with the Canadian Council of Animal Care. Male Sprague-Dawley rats (300 -400 g, Charles River, St. Constant, Quebec, Canada) were housed individually in a temperature-controlled room (22.5 Ϯ 0.5°C) with a 12:12-h light-dark cycle and were given access to food and water ad libitum. Animals were anesthetized with a ketamine-xylazine cocktail dose via intraperitoneal injection (0.2 ml/100 g body wt). The heart (HRT), soleus (SOL), red (RQ) and white (WQ) quadriceps, and red (RG) and white (WG) gastrocnemius were excised, clamped frozen, and later pulverized for RNA and/or protein analyses. All red (RG and RQ) and white (WG and WQ) muscles were pooled based on similar metabolic and contractile properties (50) . The tibialis anterior (TA) muscles were extracted from a subset of animals and used for total RNA isolations.
Tfam promoter cloning and construction of plasmids. A 1.1-kb fragment of the rat Tfam (rTfam) promoter was generated by PCR using rat genomic DNA (Novagen, EMD Chemicals, San Diego, CA). Primers were designed from the rTfam promoter sequence (sense: 5=-GTC TCT AGA AGA ATG AAA CCG GAA G-3=; antisense: 5=-TGC AAG CTT TTC TTA TCA TG C CCG C-3=). This segment (rTfam1) was ligated into the pGL3-basic vector containing the luciferase reporter gene at Xba1-and HindIII-digested sites.
Intramuscular DNA injection and electroporation in vivo. Male Sprague-Dawley rats (300 -400 g, Charles River) were anesthetized as described above. Electrotransfection experiments were performed as previously outlined (18, 25) , with some modifications. Briefly, the lower limb was shaved and sterilized with the contralateral leg as control. TA muscles were injected at the distal region of the leg, in a direction that paralleled fiber orientation. To isolate the soleus muscle, a small incision was made to the lower-lateral region of the hindlimb. Muscles were injected in a distal to proximal direction. Approximately 30 l of plasmid solution were injected into each muscle using a short 29-gauge insulin syringe (BD Ultra-Fine). Immediately after the DNA injection, transcutaneous electrical pulses were applied using the ECM 830 Electroporation system (BTX Harvard Apparatus). Tweezertrodes (BTX Harvard Apparatus) were positioned over the skin, gripping the muscle at either side of the injection site to deliver a total of eight electric pulses (100 V/cm, 20 ms, 1 Hz). Anode and cathode electrode orientation was switched every four pulses. Incisions were sutured following soleus electrotransfection. TA and soleus muscles were injected with either 1) rTfam1-pGL3 vector (50 g in 0.9% sterile saline) or 2) empty pGL3 vector (50 g in 0.9% sterile saline). Electrotransfection efficiency was normalized to Renilla luciferase activity (pRL-CMV; 1 g/injection). Five days after treatment, muscles were excised, clamped frozen, and stored. All muscles were then powdered and kept in liquid N 2 until further molecular analysis.
pGL3 and PRL-CMV luciferase reporter assay. Muscle powders (50 -75 mg) were diluted sevenfold (wt/vol) in 1ϫ passive lysis buffer. Homogenates were sonicated at 4°C (3 ϫ 10 s) and subsequently centrifuged at 16,100 g (5 min at 4°C). After centrifugation, 20 l of supernatant were used to assess pGL3 luciferase activity using an EG&G Berthold (Lumat LB9507) Luminometer.
In vitro cytosolic protein extraction. Approximately 50 g of striated muscle powders (FTR, STR, FTW, and HRT) were added to a homogenization buffer [25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2, 0.2 mM EDTA, 20 mM HEPES (pH 7.9), 0.5 mM DTT, 0.5 mM PMSF, and diethylpyrocarbonate (DEPC) water] and homogenized (Ultra Turrax, 7-mm probe) for 3 ϫ 10 s at 40% power output. Homgenates were centrifuged for 5 min (5,000 g) at 4°C. The resulting supernatant fractions were subsequently transferred to sterile Eppendorfs and subjected to further centrifugation for 15 min at 15,000 g (4°C) producing postmitochondrial (S15) cytosolic fractions. Protein concentrations were determined by the Bradford protein assay (3) .
RNA isolation. Total RNA (20 or 100 mg) from powdered tissues was isolated using TRIzol reagent (Invitrogen, Burlington, Ontario, Canada) with slight modifications. Extracted RNA was precipitated overnight at Ϫ20°C, and subsequently pelleted, dried, and resuspended in 20 -70 l of sterile water (depending on pellet size). RNA concentration and purity were assessed using 260/280 nm spectrophotometry. RNA (2 g) was separated on 1% agarose gel via electrophoresis to assess the quality of the 28S and 18S rRNA.
In vitro decay assay. Total RNA (35 g) from TA muscles was incubated in STR, FTR, FTW, or HRT S15 cytosolic extracts (20 g) in a 100-l reaction volume at 37°C. Aliquots were removed after 15 or 45 min of incubation and then subjected to RNA reisolation as previously described (40) . The reisolated RNA was pelleted, dried, and resuspended in 20 l of sterile water following overnight precipitation (Ϫ20°C). RNA concentration and purity were determined using absorbance readings at 260 and 280 nm. RNA quality was assessed by examining separation of 28S and 18S rRNA on 1% agarose gels.
Reverse transcription-polymerase chain reaction. Total RNA (1.5 g) was reverse transcribed into cDNA using Superscript III Reverse Transcriptase and subsequently amplified using Go Taq DNA polymerase (Promega) in a 50-l reaction. Sequence-specific primers for Tfam, NRF-2␣, PGC-1␣, and S12 (Table 1 , Sigma-Genosys; Oakville, Ontario, Canada) were designed and utilized to amplify the cDNA. PCR products were loaded on an ethidium bromide-stained 1.8% agarose gels, UV imaged, and quantified using Sigma Scan Pro (version 5) software.
Western blot analysis. Thirty-five to fifty micrograms of protein obtained from either cytosolic or whole muscle extracts were electrophoresed using 8, 10, or 12% SDS polyacrlyamide gels and transferred onto a nitrocellulose membrane. Blocking occurred for 1 h in 5% skim milk in 1ϫ TBST (Tris-buffered saline-Tween 20: 25 mM Tris·HCl, pH 7.5, 1 mM NaCl, and 0.1% Tween-20), followed by overnight incubation with monoclonal antibodies for AUF1 (1:500), HuR 3A2 (1:2,000), CUGBP1 (1:1,000), KSRP (1 ml prediluted antibody serum), Tfam (1:750), and COX-IV (1:500). After incubation, blots were washed (3 ϫ 5 min, 1 ϫ TBST), incubated with the appropriate secondary antibodies, and conjugated with horseradish Table 1 . PCR primers
Tfam, mitochondrial transcription factor A; PGC-1␣, peroxisome proliferator-activated receptor gamma coactivator 1-␣; NRF-2␣, nuclear respiratory factor 2␣.
peroxidase at room temperature for 1 h. Aciculin (1:250, DSHB, University of Iowa) served as the most appropriate loading control across fiber types and was corrected for, as it is not precisely evenly distributed across fiber types.To determine the relative abundance of AUF1 and HuR, 50 g of cytosolic proteins representing each fiber type were electrophoresed on 8% SDS polyacrylamide gels and then transferred onto a nitrocellulose membrane. Before blocking was performed, the membrane was cut at the 32-kDa marker producing two separate membranes that were used to probe for each protein using the same parameters described above. Band intensities representing each protein were quantified, and a ratio representing AUF1: HuR content was calculated. Antibodies were obtained from Millipore (AUF1), Invitrogen (COX-IV), and Santa Cruz (HuR 3A2, CUGBP1). The Tfam and KSRP antibodies were generous gifts from Dr. Hiroshi Inagaki (28) and Dr. Bernard Jasmin (University of Ottawa), respectively. Detection was revealed using the enhanced chemiluminesence method. Films were scanned and analyzed using SigmaScan Pro (version 5) software.
COX enzyme activity. Cytochrome c oxidase (COX) activity was measured as previously described (32) . Briefly, muscle powders representing all tissue types examined were resuspended in enzyme extraction buffer (100 mM Na-K-phosphate, 2 mM EDTA, pH 7.2) and sonicated (3 ϫ 3 s). Homogenates were added to a buffered test solution containing fully reduced cytochrome c. The maximal rate of enzyme oxidation was determined by measuring the change in absorbance at 550 nm in a Synergy HT microplate reader at 30°C.
Whole muscle extracts. Twenty to thirty micrograms of powdered tissues were added to Sakamoto buffer (20 mM HEPES, 2 mM EGTA, 1% Triton X-100, 10% glycerol, 50 mM ␤-glycerolphosphates, 1 mM phenylmethanesulfonylfluoride, 1 mM DTT, 1 mM sodium orthovanadate, 10 M leupeptin, 5 M pepstatin A, and 10 mg/ml aprotinin) and were subject to a 20-fold dilution. Samples were nutated for 1 h, sonicated (3 ϫ 3 s, 30% power), and finally microcentrifuged (10 min, 12,000 g). Supernatants were stored at Ϫ20°C.
Statistical analyses. Data were analyzed using Student's t-test, one-way analyses of variance (ANOVA) method, or two-way analyses of variance method, where appropriate. Bonferroni's post hoc test identified any significance evident from the ANOVAs. Values were considered significant at P Յ 0.05 and are represented as means Ϯ SE.
RESULTS
COX activity and COX IV protein expression. Skeletal and cardiac muscle mitochondrial content was determined via COX enzyme activity analysis, an established marker of mitochondrial biogenesis (33) . Highly oxidative cardiac muscle exhibited 2.6-, 3.4-, and 6.9-fold increases in COX activity compared with FTR, STR, and FTW muscle, respectively (P Ͻ 0.0001; Fig. 1A ). In addition, a 2.7-fold difference in mitochondrial content was evident when comparing COX activity between FTR and FTW fibers (P Ͻ 0.01; Fig. 1A) . Expression of nuclear-encoded COX IV was determined to further assess variations in striated muscle mitochondrial content. COX IV protein content paralleled COX enzyme activity with a 2.0-to 4.7-fold difference in COX IV protein expression evident in cardiac muscle compared with STR and FTW fibers (P Ͻ 0.05; Fig. 1B) .
Tfam mRNA stability in striated muscles. The protein expression of Tfam was greatest in HRT, STR, and FTR muscle types (P Ͻ 0.01; Fig. 2A ). In contrast, Tfam steady-state mRNA levels did not vary across all four striated muscle types (Fig. 2B) and suggests a role for posttranscriptional modifications in the regulation of Tfam gene expression. Thus we measured the stability of Tfam mRNA through the use of a cell-free mRNA decay assay, as previously described (41) . Total RNA (35 g) was incubated for 15 and 30 min in the presence of cytosolic proteins (20 g) representing each fiber type. Tfam mRNA was highly unstable in STR muscle, with a ϳ60% difference (P Ͻ 0.05) in transcript half-life (t 1/2 ) observed between STR and FTW muscle (Fig. 2C) . A similar tendency for reduced Tfam mRNA stability was also evident when comparing cardiac and FTW muscle (P ϭ 0.09). Since little difference in steady-state mRNA content was evident between muscle types, we assessed the transcription of Tfam mRNA to evaluate whether this would match the differences in mRNA stability observed across striated tissues. Tfam promoter activity was 2.5-fold higher in the soleus muscle, composed of STR fibers, compared with the TA muscle, consisting of a mixture of FTR/FTW fibers (P ϭ 0.05; Fig. 2D ). As such, it appears that Tfam mRNA decay parallels its synthesis via transcription, prompting little variation in steady-state mRNA levels across striated muscles. The turnover of Tfam mRNA is likely enhanced in slow-versus fast-twitch muscles due to increased rates of synthesis and decay.
PGC-1␣ steady-state mRNA and decay in striated muscles. Steady-state PGC-1␣ mRNA was elevated by 76% in cardiac muscle compared with the skeletal muscle fiber types (P Ͻ 0.05; Fig. 3A) . In contrast, PGC-1␣ mRNA stability varied among all striated muscle types (P Ͻ 0.0001; Fig. 3B) , with a ϳ65% reduction in t 1/2 evident when comparing degradation in FTW and cardiac tissue ( Table 2) .
NRF-2␣ steady-state mRNA and decay in striated muscles. Steady-state concentrations of NRF-2␣ mRNA were similar in all striated muscles examined (Fig. 4A) . However, the stability of NRF-2 ␣ mRNA was only ϳ40% of that found in FTW fibers (P Ͻ 0.05; Fig. 4B ).
S12 steady-state mRNA and decay in striated muscles. Stability of nonmitochondrial ribosomal S12 mRNA was examined to contrast and compare its degradation kinetics and steady-state levels to mRNAs encoding for oxidative genes. The steady-state concentrations of S12 mRNA were equivalent in all tissues investigated (data not shown). In addition, the decay of S12 mRNA did not differ among striated muscles (Table 2) .
Transcript-specific elements partially mediate mRNA stability. Of the four transcripts investigated, NRF-2␣ mRNA was found to be the least stable based on its t 1/2 values in most striated muscle (Table 2) . Interestingly, NRF-2␣ mRNA also contained the longest 3=-UTR, with an abundance of cis-elements available for RBP association (Table 2 ). Further analysis revealed that NRF-2␣ housed the most instability sequences, containing 30 AREs and 25 GREs in its 3=-UTR ( Table 2 ). Note that such sequences are putative, representing some or all of the established ARE and GRE sequences previously described (57, 75) . These results suggest that variations in the rate of transcript decay may be partly attributed to the presence of transcript-specific elements that influence mRNA stability.
AUF1 and HuR protein expression in striated muscles. ARE-binding proteins HuR and AUF1 maintain opposing stabilizing and destabilizing functions, respectively (52) , when bound to a transcript's 3=-UTR (12, 42) . Thus we assessed the levels of AUF1 and HuR expression in striated muscles to establish their influence on mRNA stability. Both AUF1 and HuR were similarly expressed in the tissues investigated. Specifically, total AUF1 and HuR displayed a 1.6-to 5.4-fold elevation in STR (P Ͻ 0.001) and cardiac (P Ͻ 0.05) muscle compared with FTR and FTW muscle (Fig. 5, A and B,  respectively) . We then evaluated the relative abundance of AUF1 and HuR within the same samples run on the same gel by calculating the ratio of band intensities representing each protein. These data show increased protein expression of total AUF1 compared with HuR content in all striated muscles, with the most prominent difference in the AUF1-to-HuR ratio observed in FTR (P Ͻ 0.05) and cardiac (P Ͻ 0.05) tissue (Fig. 6A) . Given their varied functional characteristics (78), we then examined the relative abundance of each individual AUF1 isoform expression to HuR content in all four striated muscles. The AUF1 p45 -to-HuR ratio was significantly elevated in FTR, FTW, and cardiac muscle compared with STR fibers (P Ͻ 0.01, Fig. 6B ). In contrast, the AUF1 p42 -to-HuR ratio was enhanced in all FTR and cardiac muscle (P Ͻ 0.01) but markedly reduced in FTW fibers (Fig. 6B) . Alternatively, the ratio of AUF1 p37 and AUF1 p40 expression relative to HuR content was similar among all muscle types (Fig. 6B) .
KSRP and CUGBP1 protein expression in striated muscles. Expression of the destabilizing ARE-binding protein KSRP was elevated in cardiac tissue, displaying 4.3-and 7.3-fold differences in protein content compared with FTW and FTR fibers, respectively (P Ͻ 0.05, Fig. 7A ). Similarly, expression of the GRE-binding protein CUGBP1 was highest in cardiac and STR muscles, being 3.7-and 4.0-fold higher, respectively, relative to FTW muscle (P Ͻ 0.05, Fig. 7B ).
DISCUSSION
The overall goal of our study was to investigate specific aspects of the posttranscriptional regulation of mitochondrial content in striated muscle. While posttranscriptional modifica- tions, including changes in mRNA stability, have been found to regulate gene expression (17, 31, 38, 40, 49, 53, 74, 77) , little is known of the influence of mRNA stability on the expression of nuclear genes encoding mitochondrial proteins (NUGEMPs) or on the genes controlling NUGEMP expression. Thus we employed an in vitro mRNA decay assay in tissues with contrasting oxidative capacities. In skeletal muscle, previous findings have identified an inverse relationship between oxidative capacity and the stability of specific mitochondrial regulators (13, 41) . Accordingly, the purpose of this study was to further investigate the association between oxidative capacity and mRNA stability. We hypothesized that the stability of mitochondrial regulators would be inversely proportional to the oxidative capacity of striated muscles and would be mediated by the expression of specific RBPs known to modulate transcript stability.
Three regulators of mitochondrial biogenesis were selected, including Tfam, PGC-1␣, and NRF-2␣. Tfam functions in the expression and maintenance of mtDNA (61), and it is upregulated in the presence of the coactivator PGC-1␣ and the transcription factor NRF-2␣ (61) . In addition to Tfam, PGC-1␣, and NRF-2␣ have also been implicated in the induction of several NUGEMPs (62) and are thus considered important contributors to the biogenesis process.
All three mitochondrial regulators followed a similar pattern of decay across muscle types, as measured using a cell-free decay assay (41, 59) . This in vitro decay assay has been used in several prior studies (8, 13, 25, 41, 46, 76) and is thus an established means for determining changes to mRNA stability. It is important to note that the mRNA decay rates, determined by the ratio of cytosolic protein to mRNA used and expressed as t 1/2 , do not represent in vivo rates. Instead, this fixed ratio provides an analysis of whether or not oxidative factors inherent to the cytosol of the muscle influence rates of mitochondrially associated mRNA decay. Tfam, PGC-1␣, and NRF-2␣ mRNA demonstrated enhanced stability in FTW fibers and accelerated decay in FTR, STR, and cardiac muscle. Indeed, tissue-specific differences in transcript stability have been previously demonstrated. For instance, the stability of ␦-aminolevulinate synthase (ALAs) and COX subunit VIc mRNAs varied across diverse tissues, such as liver and heart (13), while the stability of utrophin mRNA significantly differed in fastand slow-twitch muscle cytosolic extracts (29) . Such findings are attributed, in part, to the presence of RBPs that regulate mRNA stability. Although the abundance of selected RBPs has been found to vary in skeletal and cardiac muscle (48) , little is known of their distribution across a range of striated muscle types. As such, the expression of the destabilizing proteins AUF1, KSRP, and CUGBP1, as well as the stabilizing HuR, was determined in all tissues. The ARE binding proteins AUF1, KSRP, and HuR were similarly expressed in striated muscles, with increased protein abundance detected in STR and cardiac muscle. Because of their ability to competitively bind to target mRNA (42) , the simultaneous assessment of total AUF1 and HuR was performed to produce a ratio that directly compared their expression in striated muscles. The results illustrate that the total AUF1-to-HuR ratio was highest in cardiac tissue. This is supported by prior work that describes enhanced AUF1 content in cardiac muscle (48) . The increased expression of total AUF1, relative to HuR, coincided with the Fig. 3 . Peroxisome proliferator-activated receptor gamma coactivator 1␣ (PGC-1␣) steady-state mRNA and stability in striated muscles. A: steady-state PGC-1␣ mRNA was determined in striated muscle (n ϭ 5-6, *P Ͻ 0.05 FTW vs. HRT). B: total RNA was incubated with cytosolic fractions for 0, 15, and 30 min and then reisolated and assessed for PGC-1␣ mRNA content (n ϭ 7-9, *P Ͻ 0.0001). Representative ethidium bromide gels and graphical representations of the data are shown. Transcript sequences and degradation rates for Tfam, PGC-1␣, NRF-2␣, and ribosomal S12 mRNA were compared and contrasted. t1/2, half-life; ARE, AU-rich element; GRE, GU-rich element; FTR, fast-twitch red; STR, slow-twitch red; FTW, fast-twitch white; HRT, heart. *P Ͻ 0.05 vs. FTR, STR, HRT; †P Ͻ 0.05 vs. FTR, FTW, HRT. reduced stability of Tfam, PGC-1␣, and NRF-2␣ mRNA observed in cardiac muscle and implicates a role for AUF1 in the decay of all three transcripts. After transcription, AUF1 is alternatively spliced into four distinct isoforms (AUF1 p37 , AUF1 p40 , AUF1 p42 , AUF1 p45 ) (71), each having alternative functional characteristics (47, 60, 78) . Thus we also established ratios comparing the expression of each AUF1 isoform to HuR content to help us interpret the significance of each isoform in the destabilization of these selected mRNAs. Our analyses demonstrate that AUF1 p42 and AUF1 p45 were the highest expressing isoforms in striated muscles. The increased abundance of AUF1 p45 and AUF1 p42 relative to HuR content is indicative of their involvement in the modulation of Tfam, PGC-1␣, and NRF-2␣ mRNA stability. Of the two isoforms, AUF1 p42 may be the most destabilizing (10) because of its inclusion of exon 7, a region known to increase ARE-binding affinity (78) . While AUF1 p45 also incorporates exon 7, its primary structure also includes exon 2, and this mediates a lower binding affinity to the ARE (78). In the current study, AUF1 p42 content was markedly elevated compared with HuR expression in those tissues displaying rapid mRNA decay and may serve as additional proof of its destabilizing potential.
The protein expression of GRE-binding CUGBP1 appears to have a strong influence on muscle-specific gene programs (58, 72) . Like AUF1, CUGBP1 is also considered destabilizing (54), and it was highly expressed in STR and cardiac muscle, consistent with previous findings (73) . Thus the elevated expression of these specific ARE-and GRE-binding destabilizing proteins appears to be associated with the rapid degradation of Tfam, PGC-1␣, and NRF-2␣ mRNA in striated muscle, and this may therefore represent the primary factors regulating transcript decay. Future studies involving knockout animals and/or small interfering RNA-mediated depletion of these factors will be used to verify this in specific muscle cell types.
The accumulation of these RBPs, especially in the cytosolic fractions of STR and cardiac muscle, may be due to an increased translocation of these predominantly nuclear proteins to the cytoplasm (67) . Such events are controlled by signaling kinases that function to posttranslationally modify proteins participating in the control of mRNA stability (2, 5, 15, 23) . The activation of these kinases may vary between oxidative and glycolytic fiber types, as previous data from our laboratory has established an inverse relationship between select kinase activation and skeletal muscle mitochondrial content (45) . However, because there does not appear to be a strong inverse correlation between mitochondrial content and mRNA stability in the current investigation, it is more likely that muscle fiber type-specific cellular environments dictate those events regulating RBP expression and/or subcellular localization and thus mRNA fate. Indeed, previous studies have reported divergent rates of mRNA decay between slow-and fast-twitch muscle types (9, 31) , as a result of variations in the activation of select signaling pathways (9) . Consequently, the enhanced rate of Tfam, PGC-1␣, and NRF-2␣ mRNA decay in slow-versus fast-twitch muscles may be a result of an increased activation of kinases that trigger downstream events that modify transcript stability. Future work will attempt to alter select muscle metabolites (i.e., Ca 2ϩ ) believed to regulate kinase activation, and thus RBP expression and/or translocation, to ascertain the precise mechanisms modulating transcript stability.
The stability of diverse transcripts has been investigated not only in tissues with varying steady-state mitochondrial content (8, 13) but also in muscles that are subject to an increase in organelle content via the induction of mitochondrial biogenesis (25, 42) . Such a feat can be achieved through the use of chronic contractile activity, a well-established stimulus for mitochondrial biogenesis in muscle (33) . The results of these studies reveal the existence of transcript-specific differences in mRNA stability. For example, cytochrome c mRNA stability was found to increase with chronic contractile activity (25) . This undoubtedly contributes to the elevation in cytochrome c protein levels and an increase in electron transport chain capacity with contracting muscles. In contrast, we recently reported that the mRNA stability of Tfam and PGC-1␣, two regulators of mitochondrial biogenesis, was reduced following chronic contractile activity-induced increases in oxidative capacity (41) . To further confirm these results, we measured the decay of Tfam, PGC-1␣, and NRF-2␣ mRNA across a range of oxidative and glycolytic tissues in the current investigation. Although we initially hypothesized an inverse correlation between mitochondrial content and stability of the mRNAs investigated, the results of this study suggest an alternative mechanism, highlighting the importance of muscle-or fibertype specific differences that are important in mediating the expression and/or activity of those proteins regulating transcript fate.
Although tissue-specific factors are important in the control of transcript stability, it is clear that differential patterns of decay are revealed when comparing the degradation of all four transcripts within a single tissue type. This alludes to the presence of transcript-specific sequence elements that also alter mRNA stability. Of the four mRNAs assessed, NRF-2␣ demonstrated the most rapid decay in striated muscle. This is likely linked to the abundance of putative AREs and GREs located within its long 3=-UTR. The removal (51) or insertion (65) of these cis-elements within the 3=-UTR of mRNAs has been found to modify transcript stability, emphasizing their role as instability determinants. However, such sequences cannot account for all the degradation measured. Evaluation of PGC-1␣ mRNA identified the presence of a diminutive 3=-UTR lacking AREs (Table 2) . These divergent findings highlight the likelihood of additional instability determinants, such as those located in the 5=-UTR and/or coding region (36, 59, 68) , that may primarily regulate PGC-1␣ mRNA stability. In addition, the function of a gene product is also related to its rate of decay. It is evident that transcription-related mRNAs have reduced stability compared with mRNAs that do not have a role in regulating gene expression (77) . NRF-2␣, PGC-1␣, and Tfam all partake in the regulation of NUGEMP transcription, and the mRNAs encoding these proteins are considerably less stable than mRNAs encoding the ribosomal protein S12 or cytochrome c (13, 25) . This parallelism in mRNA decay rates between functionally related regulatory genes may be beneficial for the cell, as it permits an efficient adaptive response to biological perturbations (37) . The turnover of mRNA is a function of its rate of synthesis (transcription) and its rate of decay, with each process influencing the amount of steady-state mRNA available. Since the steady-state mRNA concentrations did not differ significantly across the striated muscle types investigated, we presumed that differences among tissues with respect to mRNA stability would be matched by parallel discrepancies in mRNA synthesis (i.e., transcription). Indeed, many rapidly induced genes exhibit high instability (20) , suggesting that the rate of mRNA decay may be correlated with the rate of transcription. To verify this, we measured Tfam transcription in STR and FTW/ FTR muscle types. We chose to specifically investigate Tfam due to its close association with COX activity, a marker of mitochondrial content. Tfam transcription was 2.5-fold greater in the STR soleus compared with the mixed FTW/FTR TA muscle. Thus these results correspond to the degradation kinetics observed and illustrate a much more rapid rate of mRNA turnover in slow compared with fast muscle types. The enhanced turnover of Tfam mRNA in slow-twitch muscles may serve to facilitate the tight control of mtDNA expression in response to changing metabolic demands in this fiber type.
It is interesting that despite the number of synthesis and degradation factors that influence steady-state mRNA levels, mRNA concentrations did not parallel differences in Tfam protein expression among tissues. This moderate association between mRNA and protein content has been previously demonstrated (41) and is corroborated by numerous studies examining the mRNA-protein relationship across various species (24, 27, 63) . The existence of a mediocre "protein-per-mRNA ratio" has been postulated (14) , where ϳ40% of protein expression is attributed to steady-state mRNA content. It is possible that additional cellular processes, such as posttranslation modifications that influence protein turnover, contribute to the Tfam mRNA-protein discordance observed.
Perspectives and Significance
In summary, the present study demonstrates that mRNAs encoding essential mitochondrial regulators exhibit accelerated degradation in slow-twitch and cardiac muscles, with transcript-specific variations in the rate of degradation evident when comparing different mRNAs. Accordingly, these results suggest that the observed differences in transcript stability are a result of both tissue-specific factors, as well as transcriptspecific sequence elements within the 3=-UTR. The rapid decay of these mRNAs in slow muscles is attributed, in part, to the enhanced cytoplasmic abundance of RBPs that bind to specific sequences embedded in the mRNA. Future work is warranted to examine the cellular signaling events that regulate changes in RBP activity, and thus in mRNA stability, within divergent striated muscles.
